The ampicillin resistance locus of three different ampicillin-resistant, temperature-sensitive Escherichia coli mutants was mapped between proC and purE and does not correspond to any of the known genes in this region. The mutant gene responsible for the temperature sensitivity and consequent morphological changes in each mutant strain was not located in the same 5-min region, even though the two mutant characteristics co-reverted at a very high frequency.
The ampicillin resistance locus of three different ampicillin-resistant, temperature-sensitive Escherichia coli mutants was mapped between proC and purE and does not correspond to any of the known genes in this region. The mutant gene responsible for the temperature sensitivity and consequent morphological changes in each mutant strain was not located in the same 5-min region, even though the two mutant characteristics co-reverted at a very high frequency.
To obtain mutants defective in the enzymes responsible for the terminal stages of cell wall synthesis, as well as for the lethal effect of penicillins on Escherichia coli, penicillin-resistant, temperature-sensitive mutants were isolated (following mutagenesis with nitrosoguanidine) and characterized (4) . Many of the mutants fell into three interesting groups. Some synthesized hypo-cross-linked peptidoglycan at the nonpernissive temperature and lysed at 42°C. In others, hyper-cross-linked peptidoglycan was synthesized and many of these organisms were spherical at 420C. A third group had normally cross-linked peptidoglycan but foimed filaments at the nonpermissive temperature. Reversion studies suggested that penicillin resistance, temperature sensitivity, cross-linking, and morphology changes might be the result of a single mutation in each mutant (4). Initial uninterrupted mating studies determined that the locus responsible for ampicillin resistance in some of the different mutants was roughly located between leu (2 min) and gal (17 min) on the E. coli chromosome map (Makoto Iwaya, unpublished data). In the present work the ampicillin resistance locus was more precisely located on the chromosome map by using two Hfr strains whose origins are in the region of interest, and by P1 transduction experiments. In addition, it was demonstrated that in at least three different mutants the ampicillin resistance and the temperature sensitivity (including morphology changes) cannot be the result of a single mutation as previously believed. (4) . Growth in broth was measured in a KlettSummerson photoelectric colorimeter equipped with a red filter (660 nm). Except where indicated, the bacteria were grown at 30°C.
MATERIALS AND METHODS
Transductions with P1 were performed as described by Lennox (5) . Conjugations were performed by the procedure of Miller (7) using streptomycin as the counterselective agent. Interrupted matings with BW113 or KL226 were done for 30 min at 30°C. For recombinant selection, M-9 minimal medium (1) was supplemented with 0.6% glucose, 10 mg of thiamine per liter, and the appropriate amino acids at 50 mg/liter.
RESULTS
Conjugational mapping of ampicillin resistance. From the ampicillin-resistant, temperature-sensitive mutants, which were found to map in the upper-right quadrant of the E. coli map, three with different phenotypes were chosen for more precise mapping (Table 2 ). BW113 and KL226 are Hfr strains that have their origins at approximately 8 and 13 min, respectively, and transfer the chromosome in a counterclockwise order (2, 6) . Conjugal crosses for 30 min between Hfr KL226 and female recipients possessing the ampicillin-resistant locus from either HAT1, HAT14, or HAT293 gave 20 to 80% introduction of ampicillin sensitivity with the selected markers thr or leu (at 0 to 2 min on the conventional map [2] ). However, crosses with Hfr strain BW113 yielded no ampicillinsensitive recombinants with the same selected markers. Therefore it can be concluded that the ampicillin resistance gene must be located between the origin of BW113 (8 min) and that of KL226 (13 min) in all three mutants.
Separation of the genetic loci determining sistance. More precise mapping of the loci determining ampicillin resistance in the three HAT mutants was accomplished by P1 transduction experiments. Because co-transduction occurred with both proC and purE, the ampicillin resistance locus in each mutant must be located between the two markers (Table 4) . Using the mapping function derived by Wu (8) , it can be calculated that the locus is approximately 1 min from purE on its counterclockwise (proC) side. The reciprocal transductions, using P1 grown on ampicillin-sensitive wild type to transduce the mutants, led to the same conclusion (data not shown). Until genetic complementation tests are performed it cannot be known if the three ampicillin-resistant mutants have mutations in the same gene or not.
Morphology and growth in ampicillin-resistant and temperature-sensitive strains. Because the ampicillin-resistant phenotype could be genetically separated from the temperaturesensitive phenotype in three different mutants, it was important to determine if any of the unusual growth and morphology characteristics observed at the nonpermissive temperature in the original mutants were actually associated with the ampicillin resistance. Such an association, of course, was the expressed goal when the mutants were first isolated (4) . Growth curves at 32 and 420C were obtained of strains possessing either the ampicillin-resistant or temperature-sensitive phenotype acquired from the different HAT mutants. Those strains that were only ampicillin resistant showed no change in growth behavior when shifted to 42°C, the nonpermissive temperature for the original mutants. Microscopy examination of the ampicillin-resistant strains grown at 42°C revealed wild-type morphology in all cases. In contrast, the growth curves were clearly altered when the temperature-sensitive strains were grown at 42°C (data not shown). In addition, the morphology of the organisms at 42°C was similar to the original HAT mutants (see reference 4).
Study of phenotypic co-revertants. HAT1 reverted simultaneously to ampicillin sensitivity and temperature resistance with a frequency of 15% (4) . P1 was grown on four independently isolated co-revertants of HAT1 and used to transduce CSH57A to purE.+ In each case, at least 5% of the purE+ transductants were also ampicillin resistant. These results indicate that the mutant gene responsible for ampicillin resistance was still present in the phenotypic revertants.
DISCUSSION
Several interesting points can be made from the results of this study. First, a previously unknown locus responsible for ampicillin resistance in E. coli has been mapped. The ampicillin-resistant phenotype is probably not due to a mutation in any of the known genes of the proC-purE region because any of these genes, which could conceivably affect ampicillin resistance (such as lon, min, mtc, and p1sA), either map much closer to proC than to purE (2) or, in the case of p1sA, map closer to purE (3) . The nature of the ampicillin resistance in the HAT mutants is not yet known, although it is not thought to be due to production of a penicillinase (4) .
Second, it has been clearly demonstrated that a high rate of co-reversion is not sufficient to determine whether two mutant characteristics are the result of single or multiple mutations. Kamiryo et al. (4) found the frequency of ampicillin-sensitive revertants was 0.5 to 15% of the temperature-resistant revertants. This co-reversion frequency is far higher than would be expected for two separate mutations, and yet it is clear that two mutations exist and do not even map close together. One possible explanation for the high frequency of apparent co-reversion is that reversion of the mutation responsible for temperature sensitivity has a pleiotropic effect, causing ampicillin sensitivity in a strain still carrying the mutant gene for ampicillin resistance. This hypothesis was confirmed in the case of HAT1, where it was shown that in the ampicillin-sensitive, temperatureresistant "co-revertants" the locus responsible for ampicillin resistance had not actually reverted.
